.
What general principles emerge from these in vivo studies? First, it seems that all growth cones posses the appropriate cytoplasmic machinery to respond to either inhibitory or attractive signals. Second, these guidance receptors are unexpectedly modular with the ectodomains determining ligand binding specificity and the cytoplasmic domains encoding effector function. Third, the ability to respond to these axon guidance cues is not restricted to neurons. Bashaw and Goodman found that the migration of muscle precursors normally inhibited by Slit via the Robo receptor can be attracted to Slit when they are expressing the Robo-Fra chimeric receptor. These muscle precursors do not normally express Fra or respond to Netrin cues; however, they clearly can initiate an attractive response under these conditions, indicating that the downstream machinery is present. Finally, phenotypes generated by these chimeric receptors are dependent on the dose or level of expression. This correlation between severity of phenotype and levels of chimeric receptor expression suggests that a balance of attractive versus repulsive signals is being interpreted by these growth cones. Presumably, high expression levels of the chimeric receptors overcome signaling from endogenous receptors leading to altered axon projections.
In independent studies, Hong et al. (1999) focused on attractive and repulsive responses to a single cue, netrin-1, and also found that the cytoplasmic domain of a receptor dictates the growth cone response. These Figure 2D ). Under these conditions, attractive response to netrin-1 is converted to a repulaxons show no response to the netrin-1 gradient, either sive response when Xenopus neurons express an UNC5 positive or negative. receptor; UNC5-expressing axons turn away from the Do UNC5 and DCC interact directly to form a complex source of netrin-1 protein ( Figures 1B and 2B ). When a that mediates netrin-1 repulsion? To test for potential chimeric receptor consisting of a DCC ectodomain and interactions, coimmunoprecipation experiments were an UNC5 cytoplasmic domain was tested in the axon conducted with COS cells expressing full-length DCC turning assay, it mediated a repulsive response to the and UNC5. Association between these two receptors netrin-1 gradient ( Figures 1B and 2C) . The authors conwas found, but only in the presence of netrin-1, sugclude that UNC5 proteins have an evolutionary congesting that netrin-1 triggers the formation of a UNC5-served role in repulsion and that the UNC5 cytoplasmic DCC complex ( Figure 3A ). This same netrin-dependent domain determines the response of growth cones to the association was seen for DCC and UNC5 receptors ennetrin-1 signal.
coding only ecto-and transmembrane domains ( Figure  Heteromeric Receptor Complexes Can Regulate 3B). Interestingly, if the DCC and UNC5 cytoplasmic the Response to Bifunctional Cues domains are expressed in COS cells and targeted to the UNC5 is clearly necessary for recognizing netrin as a inner membrane with a myristoylation motif, a netrinrepulsive signal, but is it sufficient? Genetic studies from C. elegans suggest that UNC-5 alone is not sufficient independent association is found ( Figure 3C) . Thus, the Figures 3D and 3E) . These findings suggest a model in which binding of netrin-1 by either 3D with Figure 3G ). This effect is dependent upon interaction of the DCC and UNC5 cytoplasmic domains, of these receptors allows formation of this heteromeric receptor complex and simultaneously derepresses the since deletion of the DCC P1 domain eliminates this response ( Figure 3H ). These experiments indicate that interaction of their cytoplasmic domains.
But is the cytoplasmic domain interaction important netrin-1 binding to the UNC5 ectodomain is sufficient to induce signaling as long as the DCC cytoplasmic to convert attraction to repulsion? This was tested by first identifying specific sequences necessary for this domain is present and able to interact with the UNC5 cytoplasmic domain. Clearly, the DCC cytoplasmic dointeraction in both the UNC5 and DCC cytoplasmic domains. A region of DCC just proximal to the transmemmain is essential for UNC5-mediated repulsive signaling as well. brane domain, named the P1 domain, is required for interaction with UNC5 and is conserved among memHong and colleagues suggest that UNC5 acts as a switch in converting an axon's response to netrin-1 from bers of the DCC family. Similarly, a region of the UNC5 cytoplasmic domain was identified that was necessary attraction to repulsion. UNC5 receptors usurp DCC receptors when forming heteromeric repulsive receptor for mediating interactions with DCC. This domain, named DB (required for DCC binding), is located in the complexes. Consistent with this model, two classes of mutant UNC5 receptors actually interfere with endogemiddle of the cytoplasmic domain and is conserved within the UNC5 family. If either of these domains is nous DCC-mediated attractive responses. Axons expressing UNC5 receptors missing either the cytoplasmic deleted, formation of receptor complexes is blocked, even in the presence of netrin-1 (compare Figures 3F domain or simply the DB domain block the response of DCC-expressing neurons to the netrin-1 gradient (Figand 3G with 3D and 3E) .
To test whether these interaction domains, P1 and ures 2I and 2J). What's Next? DB, are required for UNC5-DCC-mediated repulsion, Hong and colleagues returned to the Xenopus spinal Growth cones navigate along their pathways with remarkable speed and fidelity. Clearly a complex set of axon turning assay. Neurons expressing a myristoylated UNC5 cytoplasmic domain and full-length DCC respond attractive and repulsive cues are present in the extracellular environment and are being interpreted by the to netrin-1 as a repulsive signal ( Figure 2E ). However, if the DB domain is deleted from this UNC5 cytoplasmic growth cone. These papers demonstrate the critical role that receptors and receptor complexes play as effectors domain, these axons respond to netrin-1 as an attractant, a response mediated by DCC ( Figure 2F ). To determine for these different guidance cues. As is often the case, rapidly, as is suggested by Hong and colleagues? Most likely, we will find that each of these scenarios is correct and that axon guidance in vivo utilizes both mechanisms.
The next challenge will be to decipher what lies between the cytoplasmic domains of these axon guidance receptors and the cytoskeleton. What are the proteins that bind to these different cytoplasmic domains, and how are they regulated? Bashaw and Goodman point out that several families of repulsive guidance receptors have been identified and yet their cytoplasmic domains share no motifs in common. Does this suggest that these various classes of receptors will utilize distinct signaling pathways? Are there real differences between a Robo-mediated repulsive signal versus an UNC5-DCC repulsive signal? At some point all of these signaling pathways must converge on the proteins that directly regulate assembly and disassembly of the growth cone cytoskeleton. Unraveling how all of this is orchestrated will certainly be fascinating.
Some initial insights are already being generated with the Xenopus axon turning assay. Using different pharmacological inhibitors, Poo, Tessier-Lavigne, and colleagues have identified signaling pathways that are required for axon turning to gradients of various attractants and repellents (Ming et al., 1997, 1999; Song et al., 1998). Cyclic nucleotide signaling pathways (both cAMP and cGMP) have dramatic effects on attractive and repulsive turning responses to distinct guidance cues. Phospholipase C-␥, phosphoinoitide 3-kinase, and Ca 2ϩ also can play critical roles. These in vitro studies have begun to identify common signaling pathways that are utilized by different classes of guidance cues. We are now poised to ask how these signaling pathways are linked with specific receptors in vivo during the complex process of axon guidance.
